Introduction
Currently, most bridges are inspected at regular intervals through visual inspections of the deck, superstructure and substructure. In Portugal, as well as in other countries, several bridges are obsolete or structurally deficient. Monitoring of these important structures of the road network is vital for the safety of the citizens. To safely extend the lifetime of these bridges, rigorous inspection and proper maintenance would be necessary; these interventions are both costly and time consuming making it usually impossible to survey every bridge, including older bridges which many times represent higher risks.
Modern space-borne SAR sensors provide spatial resolutions of the order of a meter. In high-resolution SAR data (TerraSAR-X, COSMO-SkyMed, etc.) even small bridges are covered by a large number of pixels. These data are being tested for structural health monitoring (SHM) applications with very satisfactory results (Ghuman and McCardle, 2012; Zhang et al., 2010) .
The Hintze Ribeiro, concrete and metal, bridge crossing the Douro River at Entre-os-Rios, some 30 km east of Oporto ( Fig. 1) , opened in 1887 and collapsed on 4 March 2001, sending a bus full with day-trippers and three cars into the swollen river. With no survivals, this crash killed 59 people and still remains the most serious road accident in the Portuguese history. This tragic event became known as the Entre-os-Rios tragedy.
The Hintze Ribeiro bridge had a total length of 336 m, divided in different segments (Fig. 2a) . The intermediate components of the deck still hold on six granite pillars, with height varying between 15 m and 30 m. The collapse involved the pillar P4 (we use designations P1 to P6 for the pillars of the bridge starting from the right bank). Figure 2 shows a scheme of the collapsed bridge. The steady deterioration and consequent collapse of the Hintze Ribeiro bridge highlighted the importance of developing effective bridge inspection and monitoring approaches to ensure their safety and extend their lifetime. In this paper we present the results of the analysis of 5.5 yr of SAR data, obtained from moderate resolution satellite sensors (ERS-1/2) and Multi-Temporal Interferometry (MTI) techniques, over the Hintze Ribeiro bridge. Data show a significant deformation during the period of this analysis, a few years prior to the bridge collapse. The results clearly reveal the potential of interferometric techniques to monitor the stability of these type of structures. SAR interferometry, with its potential to detect mm yr −1 displacements, can thus be a very helpful tool to support the development of reliable deformation models towards the assessment of rupture risks and the establishment of alarm thresholds to be used in early warning systems, as many stable structures have, in general, movements that are below that level.
Data used
Entre-os-Rios and its surroundings are covered by a total of 57 ERS-1/2 scenes from descending satellite track 452, covering the time period until the bridge collapse (from June 1992 to December 2000). However, all the SAR scenes acquired before 1995 (five scenes) were discarded from the dataset to ensure continuity and suitability of the interferometric stack. The reason for this procedure relates to the fact that ERS had been moved out its 35 days orbit during the years 1993-1994. Figure 3 shows the SAR scenes distribution over the acquisition year and highlights the five scenes excluded from the MTI processing. Finally, in order to avoid high Doppler values due to the ERS-2 gyroscopes failures all the scenes acquired after the end of 2000 have been also discarded from the processing. In order to remove the topographic phase from the differential interferograms, data from the C-band Shuttle Radar Topography Mission (SRTM) was used to obtain a Digital Elevation Model (DEM) of the area of interest with resolution of 3 arc-second (90 m) and 10 m height accuracy. Precise orbit data for ERS-1/2, provided by Delft Institute for Earth Observation and Space Systems (DEOS) (Scharroo and Visser, 1998) , were used for removal of flat-earth phase contribution from the differential interferograms.
Applied processing methodology
SAR images are complex as they contain two components per pixel, from which the amplitude and phase signal can be derived. Interferometric techniques for ground deformation detection and monitoring, exploit the information contained in the radar phase of at least two complex SAR images acquired in different epochs over the same area, by forming an interferogram. This is the basic concept of Differential Interferometry (DInSAR). The repeated acquisition of images over a given area is usually performed by using the same sensor (or identical sensors, e.g. ERS-1 and ERS-2). For a summary of DInSAR principle, let us consider the scheme of SAR image acquisition shown in Fig. 4 , considering a single pixel footprint P.
InSAR techniques exploit the phase difference of φ S and φ M , named interferometric phase φ int . Assuming that the terrain is stable between acquisitions (i.e. D (t) = 0 ⇒ P 1 ≡ P), this phase is related to the distance difference SP-MP. When the point moves from P to P 1 between two image acquisitions, besides the topographic phase component φ topo , φ int also includes the terrain movement contribution (φ defo ). In the general case φ int is given by Eq. (1):
where φ atmo is the atmospheric contribution and φ N is the phase noise, SP 1 (R 2 ) is the slave-to-P 1 distance and λ is the radar wavelength. For a general review of SAR interferometry, see Hanssen (2001) , Rosen et al. (2000) and Bamler and Hartl (1998) . Different factors may reduce (or even compromise) the quality of DInSAR results. The most important one is related to temporal decorrelation phenomena caused by the variation of the electromagnetic properties of the radar targets. If the phase reflectivity value of a certain image pixel changes with time, the generation of an interferogram, i.e. the computation of the difference between the phase values of two SAR images, cannot highlight the displacement values. The impact of temporal decorrelation phenomena increases as the temporal baseline of the interferogram (i.e. the time lag between the two SAR acquisitions) increases. Apart from phase decorrelation, propagation effects in both troposphere and ionosphere can differ significantly during the first and the second acquisition, thus creating phase disturbances hindering the interpretation of SAR interferograms.
The development of multi-interferogram techniques allowed overcoming the limits of conventional DInSAR analyzes by identifying a small subset of radar targets, called Persistent Scatterers (PS), only slightly affected by phase decorrelation phenomena and where the signal-to-noise ratio is extremely favorable. PSs correspond to radar targets already present in the area of interest, such as man-made objects or natural elements having a stable radar signature in time and where the signal level is much higher than the background noise of the sensor. As basic techniques that are used in multi-temporal processing, the Persistent Scatterers Interferometry (PSI) methods and Small Baselines (SB) techniques should be mentioned. Stanford Method for Persistent Scatterers-Multi-Temporal InSAR (StaMPS-MTI) combines both PSI and SB methods allowing the identification of scatterers that dominate the scattering from the resolution cell (PS) and slowlydecorrelating filtered phase (SDFP) pixels. We based our work mainly on this method, in which assumptions are made about the statistical behavior of the several phase contributions (shown in Eq. 1) superimposing the deformation term. One of the basic ideas of this method is to assess the temporal stability of the radar targets directly from the interferometric phase. However, since the term representing phase noise is masked by several other terms like atmosphere or phase due to orbital inaccuracies, StaMPS uses an elaborate filtering procedure to remove all these undesired phase contributions.
The different steps involved in the StaMPS-MTI processing chain are described in detail in Hooper (2008) , Hooper et al. (2004 Hooper et al. ( , 2007 , and Sousa et al. (2010 Sousa et al. ( , 2011 .
MTI results
The StaMPS-MTI method, that combines PSI and SB approaches, was applied to the dataset of the Entre-os-Rios area, presented in Sect. 2. Fifty one interferograms were used to identify persistent and coherent pixels (PS) against 372 interferograms when applying the SB approach (Fig. 5 ). The scene of 7 March 1997 that minimizes the sum decorrelation, i.e. maximizes the sum correlation, of all the interferograms (calculated according to Hooper et al., 2007) was used as temporal reference for PSI processing. In the case of SB processing, only interferograms with maximal temporal baseline of 700 days and maximal spatial baseline of 350 m were computed. Hundreds of stable points (SP) were identified in the region and their motion history was determined. We access the point quality evaluating the coherence (measure of the phase noise level) which is an indicator of whether the point is a SP pixel as in Hooper et al. (2007) . This measure is similar to a measure of coherence (Bamler and Just, 1993) , although in time rather than in space, as is generally implied by the term in reference to SAR interferograms. In other words, coherence can be interpreted as the average closeness of the SP phase to a given model. In StaMPS, the model is the phase interpolated from surrounding pixels. All the SP displayed in Fig. 6b have coherence (a measure of the goodness of fit of the model to the observations, ranging from 0 to 1) above 0.80. For each SP, the (mean) LOS velocity and the displacement temporal series were computed relative to a circular reference area that is centered in the village of Castelo de Paiva, radius 2 km (∼ 4 km away from the bridge). These linear deformation rates and the quality of the information were accessed from the wrapped phases using a bi-linear regression on the phases relative to the temporal and perpendicular baselines. Based on the standard deviation from the regression we estimated the quality of the measures. The dispersion of the four points on the bridge were also calculated. In each image, a function that fits the deforming points was defined and subtracted from the phase. The remaining signal can be considered as the error. At the end, taking the dispersion per image, we calculated the dispersion (variance) over all images which allows for accessing the points quality independently of any model. Figure 6a shows the mean SAR amplitude image of the analyzed area, computed by averaging all the available SAR images, and Fig. 6b shows the geocoded deformation velocity map, which is superimposed over a Google Earth image. Note that, the two images have different geometries: Fig. 6a is in the original radar image space, while Fig. 6b is a geocoded image. It is evident, from this image, that Hintze Ribeiro bridge suffered significant deformations during the years that preceded the collapse, with deformation rates reaching almost 20 mm yr −1 in the line-of-sight (LOS) direction.
In Fig. 6b we can see two bridges while in Fig. 6a only one bridge appears. This is due to the fact that after the accident a new bridge, which had been promised for a longtime, was finally constructed, while at the same time the Hintze Ribeiro bridge was rebuilt. Figure 7 shows the present situation with the two side-by-side bridges.
Discussion
Hundreds of stable points were identified in the processed area and their motion history determined. The mean statistical deformation rate error, calculated as referred previously, is 0.6 mm yr −1 which shows a good agreement of the deformation with the linear model (see Table 1 ). Doing the analysis without resorting to any deformation model, the standard deviation is 0.9 mm. Figure 6b illustrates the velocity map of the region derived from the time series of 52 ERS-1/2 scenes spanning 5.5 yr. The general patterns of the deformation indicate a high stability of the surrounding area of the bridge. Significant deformations are only detected in the bridge structure, precisely in the collapsed section represented by four stable points. Figure 8 shows the deformation history of those four stable points. Note that, due to the moderate resolution of the SAR scenes used in this work, it is not possible to identify exactly the bridge component (pillar or deck) that suffered from the most significant deformation. The new generation of SAR sensors (X-band), which have been operational since 2008, yielded a much denser measurement point distribution, being more adequate for local deformation phenomena analysis than the C-band. Monells et al. (2010) compared X-band and extensometer measurements and concluded that X-band has the capability to detect small variations in structures.
The explanation of the event is a complex issue requiring joint analysis of different datasets. It has been reported (Correia et al., 2001 ) that, according to the bathymetric sur- vey conducted in February 2000 by the Douro Navigability Institute (IND), the riverbed in the vicinity of the pillar P4 had about 6 m above the foundation base. As explained below, this situation posed a significant risk to the stability of the pillar (and to the bridge itself). When, like it is the case of the collapsed pillar, the foundation rest on the incoherent alluvial material, riverbed lowering can bring two types of threats: (1) if the reduction is so intense that reaches the base level, an erosion process of the material under the foundation can be initiated resulting in uncontrollable settlements and rotations leading to the collapse; (2) the progressive reduction of the layer above the base may reduce the load resistance of the ground foundation, through the reduction of the overall level of effective stresses, to a degree where that stress equals the applied load causing the breakage of the foundation. The situation found in the 1986 underwater inspection already revealed meager security conditions; in other words, the vulnerability of the pillar P4 foundations was already considered too high. The information collected after the bridge collapse confirms the precarious state of the pillar. In fact, it was estimated that the riverbed near the pillar stood, on 14 March 2001, about only 1 m above the foundation base. Between February 2000 and March 2001 the riverbed suffered a large drawdown (which was probably even higher at the peak of the period of high flows) (Correia et al., 2001) .
The progressive and widespread lowering of the riverbed at the Crestuma dam reservoir (nearest downstream dam) was directly related to a combination of two main factors: sand extraction activities; and reduction of solid flow caused by sediment retention in the dams existing in the Douro River and its effluents (Correia et al., 2001) . The nonexistence of background information, particularly referred to volumes of the inert extracted and to measurement of sediment retention in reservoirs prevents the determination of the relative importance of these two factors. However, the importance of the extraction activity is reflected in the irregularity of the longitudinal profile of the riverbed at the Crestuma dam reservoir, which clearly indicates an intense activity (Correia et al., 2001) . Table 1 . Linear deformation rates (LOS) for the four stable points detected on the bridge structure. Three periods of time (1995-1996, 1997-1998, 1999-2000) were defined and compared with the overall period considered in this study. (Correia et al., 2001 ). On 4 March 2001, the flow rise remained at the Carrapatelo dam and there was a very rapid rise of flow, and associated discharges, at the Torrão dam. Indeed, in a short period of 8 hr (between 6:00 a.m. and 2:00 p.m.), the flow, at this dam, more than doubled from 820 m 3 s −1 to 1991 m 3 s −1 (maximum value in days). At the collapse time (around 9:10 p.m.), the flow at the Carrapatelo and Torrão dams were 6222 m 3 s −1 and 1452 m 3 s −1 , respectively. At the time of the accident it is estimated that the river flow rate at the bridge section was 8000 m 3 s −1 . Tables 2 and 3 and Fig. 9 allow the analysis of the persistent high flows in function of the number of days with daily average flow, discharged by the Carrapatelo and Torrão dams, greater or equal to 3000 m 3 s −1 and 500 m 3 s −1 , respectively. In both cases all hydrological years (period of time from 1 October to 30 September) since the entry into operation of the dams (1972 -Carrapatelo and 1988 -Torrão) were taken into account. Analyzing these data it can be verified that the 2001 hydrological year, considered only until 4 March inclusive, had 35 days with a daily average flow discharged at the Carrapatelo dam greater than 3000 m 3 s −1 and 28 days with a daily average flow discharged at the Torrão dam greater than 500 m 3 s −1 , in a total of 101 and 62 days, respectively, since the dams initial operation date. These values represent 35 % and 45 % of the total days with such high flow, respectively, for Carrapatelo and Torrão dams which allows us to conclude on the severity of the high flows permanence at the bridge section in the period before the accident. Figure 10 presents the river flow and the monthly rainfall over the same time span of the SAR images. The monthly mean flow shown in Fig. 10a was estimated based on the water discharges of the two nearest upstream dams (Torrão and Carrapatelo dams). According to the official report of the experts group that investigated the accident, loss of sediment support of the ground under the pillar foundation was identified as the direct cause of the collapse. The severe conditions of persistent high flows that occurred in the Douro River from the beginning of the 2001 hydrological year (the year of the accident), only accelerated the inevitable.
The above explanation would imply both vertical and horizontal differential motions on the pillar. The geometry of the present ERS MTI analysis is also sensitive to the eastwest horizontal motion of the bridge. Therefore, the presented deformation rates comprise both components of the movement. Having only the projection of three-dimensional Figure 9 . Number of days with daily average flow discharged by the Carrapatelo and Torrão 2 dams greater or equal to 3000 m 3 /s and 500 m 3 /s, respectively. All hydrological years since 3 the entry into operation of the dam were considered. 4 Fig. 9 . Number of days with daily average flow discharged by the Carrapatelo and Torrão dams greater or equal to 3000 m 3 s −1 and 500 m 3 s −1 , respectively. All hydrological years since the entry into operation of the dam were considered. displacement in the radar LOS, it is not possible to retrieve the actual displacement vector. To properly decompose the displacement into horizontal and vertical components, the InSAR measurements taken from two directions (ascending and descending) should be combined. Unfortunately, within the period under study only data acquired from a single direction (descending satellite pass) were available therefore all results give LOS velocities. However, more important than the factors leading to the disaster or the decomposition of the deformation vector, is the issue of prevention. The primary goal of our ERS MTI analysis is to study if the event could have been prognosticated. The MTI results prove that the instability of the bridge was definitely present and ongoing, for at least the period under analysis, and it could have been detected several years before. According to this dataset, the bridge had been steadily deforming at rates above what could be expected for the type of bridge under consideration and, additionally, the observed deformation trend was occurring systematically in the same direction. This highlights the need of monitoring and also explicit monitoring regulation for all hazardous structures.
Conclusions
This research demonstrates the potential of SAR continuous series scenes to detect and monitor deformations in crucial structures such as bridges. Multi-temporal InSAR, a technique combining both PSI and SB methods, that uses radar satellite images to monitor ground deformation from space, has been applied to a stack of 52 ERS SAR images covering the Entre-os-Rios area (Northern Portugal), where the Hintze Ribeiro bridge collapsed in March 2001. Hundreds of stable points have been detected in the area of interest. Displacement rates have been monitored during the period from May 1995 to December 2000, with the maximum velocity rate detected of about 20 mm yr −1 , precisely in the structure of the collapsed bridge. Data indicate significant, steady continuous movement of the bridge section supported by pillar 4 in the last 5.5 yr prior to the collapse (InSAR observes LOS direction, thus the observed motion is a combination of subsidence and outward/westward motion of the bridge). The observed rate of motion of the bridge appears very high reaching at almost 20 mm yr −1 LOS velocity, i.e. more than 10 cm if only subsidence and ∼ 21 cm if only westward horizontal displacement (converted applying simple geometry to the incidence angle) as derived from the 5.5 yr of ERS observations. As demonstrated here, with the MTI satellite technique, it is possible to go back in time and investigate not only the actual but also the historical motions of different structures. The spatial and temporal resolution achievable with this technique makes it a unique and powerful tool.
These results offer an example of the deformation monitoring capability achievable with MTI techniques even using the ERS coarse resolution. With the new generation of high spatial resolution radar satellites, as TerraSAR-X or COSMO Sky-Med, we can foresee a significant improvement of the potential of InSAR data for monitoring bridges, dams and other urban structures and, therefore, complement conventional structural monitoring techniques due to, among others, its capability to measure small and slow deformation phenomena and the high density of stable points that can be detected.
This also shows that continuous processing of InSAR observation could be successfully integrated in regular structural monitoring programs as a component of the implementation of early warning systems.
